Leaf angle is defined as the inclination between the midrib of the leaf blade and the vertical stem of a plant. This trait has been identified as a key component in the development of high-yielding varieties of cereal species, particularly maize, rice, wheat, and sorghum. The effect of leaf angle on light interception efficiency, photosynthetic rate, and yield has been investigated since the 1960s, yet, significant knowledge gaps remain in understanding the genetic control of this complex trait. Recent advances in physiology and modeling have proposed a plant ideotype with varying leaf angles throughout the canopy. In this context, we present historical and recent evidence of: (i) the effect of leaf angle on photosynthetic efficiency and yield; (ii) the hormonal regulation of this trait; (iii) the current knowledge on its quantitative genetic control; and (iv) the opportunity to utilize high-throughput phenotyping methods to characterize leaf angle at multiple canopy levels. We focus on research conducted on grass species of economic importance, with similar plant architecture and growth patterns. Finally, we present the challenges and strategies plant breeders will need to embrace in order to manipulate leaf angle differentially throughout the canopy and develop superior crops for food, feed, and fuel production.
Introduction

Filling the gaps in genetic research of leaf angle control
Yield is determined by the plant's capacity to capture light energy and utilize it to fix CO 2 into complex organic compounds (Evans and Fischer, 1999; Tollenaar and Lee, 2002) . It is now fully recognized that the much needed increases in crop yield to meet future global demands for food, feed, fiber, and fuel would have to come largely from manipulations of the photosynthetic capacity of plant species (Long et al., 2006; X.G. Zhu et al., 2008; Ort et al., 2015) . This capacity is mostly determined by both the photosynthesis process per se and the arrangement of leaves throughout the plant (i.e. the canopy). Therefore, breeding strategies to improve carbon fixation capacity and yield of commercially important crop species must be revised and reconsidered, to design adequate experimental approaches for the discovery and manipulation of genes that control canopy architecture.
Leaf angle, defined as the inclination between the leaf blade midrib and the stem, is one of the most important canopy architecture parameters that influence light interception, photosynthetic efficiency, and planting density.
Modeling approaches have been implemented for decades to predict the optimal plant characteristics that would maximize yield, leaf inclination being one of them. In maize, 10 important parameters were identified in the 1970s when a plant ideotype was proposed for the development of superior germplasm: (i) stiff, vertically oriented leaves above the ear with leaves below the ear horizontally oriented; (ii) maximum photosynthetic efficiency; (iii) efficient convertion of photosynthate to grain; (iv) a short interval between pollen shed and silk emergence; (v) ear-shoot prolificacy; (vi) small tassel size; (vii) photoperiod insensitivity; (viii) cold tolerance; (ix) long grain-filling periods; and (x) slow leaf senescence (Mock and Pearce, 1975) . Results from early studies already suggested that leaf angle and leaf area index (LAI) were critical parameters to optimize light interception and photosynthesis (de Wit, 1965; Duncan et al., 1967; Anderson and Denmead, 1969) . Given the curvilinear nature of the light-response curve, the utilization efficiency of intercepted irradiance at high levels of photosynthetic photon flux density (PPFD) is higher for erect canopies due to a more even distribution of light (Long et al., 2006; X.G. Zhu et al., 2008; Murchie and Niyogi, 2011) . Improving the canopy architecture to avoid light saturation of individual leaves could improve photosynthetic efficiency and crop productivity (Zhu et al., 2010; Murchie and Nigoyi, 2011) . Therefore, one of the mechanisms to close the gap between the theoretical and achieved energy conversion is to optimize the inclination of leaves throughout the plant (X.G. .
Should the breeding target to optimize canopy architecture simply be an overall erect canopy in cereal crops? Several researchers have suggested that upright leaf angles on the upper canopy, less erect leaves in the medium canopy, and more horizontally oriented leaves in the lower canopy provide the best plant architecture (Duncan, 1971; Long et al., 2006; Ku et al., 2010; Zhu et al., 2010; Ort et al., 2015) . Modeling analyses have predicted that on a sunny day with perpendicular incidence of sunlight, plants with an increased leaf angle from the top to the bottom could increase carbon uptake by up to 40% relative to canopies with horizontal leaves (Long et al., 2006) . Recently, Ort et al. (2015) proposed to engineer 'smart canopies' with improved canopy architecture and metabolic features of leaves, such as differential catalytic Rubisco and antenna size systems across the plant. Therefore, the breeding goal of optimizing the canopy architecture is more complex than reducing the overall leaf inclination. This newly proposed 'smart canopy' ideotype, with differential leaf angles at different plant levels, unravels new knowledge gaps to develop superior germplasm effectively and generates new questions about the genetic control of leaf angle.
(i) Are there different sets of genes/quantitative trait loci (QTLs) that control leaf inclination at different canopy levels? (ii) Is the control of leaf angle independent of the leaf position throughout the stem? (iii) Is there natural variation for leaf angle distribution throughout the canopy? That is, are there genotypes with consistently small or large angles for all leaves in the canopy while others have differential inclinations at different levels of the plant?
(iv) Do breeders have the technologies needed to characterize leaf angle in the entire canopy at large scale and high planting density? (v) Are there genes/QTLs that could be introduced into elite germplasm through conventional breeding practices or are there good candidate genes for genetic engineering/genome editing methods to develop crops with 'smart canopies'?
In our attempt to answer these questions, we have summarized the current knowledge about the genetic control of leaf angle in cereals, focusing on the most economically important species, namely maize, rice, wheat, and sorghum. Additionally, we have disclosed the leaf/leaves investigated in those studies, to shed light on the varying experimental designs and methods employed to characterize this phenotype, and the need to apply a novel approach to dissect the genetic architecture of differential leaf angle control throughout the canopy.
The effect of leaf angle on photosynthetic efficiency and yield
Photosynthesis is the photochemical and biochemical process in which plants use solar energy to oxidize water and reduce carbon dioxide to form large carbon compounds while releasing oxygen to the atmosphere (Ke, 2001) . Photosynthesis occurs in chloroplasts, specialized cell organelles that capture the light energy through chlorophylls, and then convert it into chemical energy (Ke, 2001) . In maize, early experimental evidence of the effect of leaf angle on grain yield was described by Pendleton et al. (1968) using two isogenic lines derived from the cross 'C103' by 'Hy' with contrasting leaf angle. The line carrying LIGULELESS2 (lg2) had erect leaves with an inclination of 10° and produced 40% more grain than its counterpart with horizontal leaves, due to a better light interception efficiency and higher photosynthetic rate on a per plant basis (Pendleton et al., 1968) . In the same study, the hybrid 'Pioneer 3306', selected for its high yield and horizontal leaves, showed a 14% grain yield increase after manual manipulation of the upper leaves-above the ear-to position them at a 10° angle. The combination of more upright leaves together with a greater LAI has caused a 14% increase in the light interception capacity of modern maize hybrids compared with historical materials released from 1930 to the 1960s (Lee and Tollenaar, 2007) . This superior light interception capacity was reflected in yield increases of >20% (Pendleton et al., 1968; Duvick et al., 2004; Duvick, 2005a, b; Lee and Tollenaar, 2007; Lauer et al., 2012) . The combined effect of LAI and angle on yield has been clearly demonstrated since maize lines with LAI values >3.0 had the highest yield when erect leaves were present in the upper canopy and more horizontal leaves in the lower canopy (Duncan, 1971; Tollenaar and Wu, 1999; Ku et al., 2010) . Other studies have reported similar results about the direct effect of leaf angle on grain yield; for example, maize grain production increased by between 15% and 30% when the average leaf angle decreased from 60° to 30° with respect to the vertical stem of the plant, in hybrids released in the 1990s (Tollenaar and Dwyer, 1998; Lauer et al., 2012) . Changes in leaf angle that occurred since 1970 have been partly attributed to the selection of B73, an inbred line with erect leaves that has been extensively used in the development of new parental lines and hybrids (Duvick, 2005b) . These studies have provided abundant experimental evidence of the leaf angle effect, together with LAI, on grain yield due to better light interception across the canopy, demostrating the importance of breeding for more erect canopies and a better leaf angle distribution across the plant.
The major effect of leaf angle on grain yield is determined not only by the increase in light interception efficiency but also by the direct impact on planting density (Lambert and Johnson, 1978; Duvick et al., 2004; Duvick 2005a; Ma et al., 2014) . The effect of leaf angle on plant density was recognized several decades ago and rapidly investigaded using accessions that carried mutations in LIGULESS1 (Lg1) and Lg2 genes. In one of the first studies that investigated the connection between leaf angle and plant density, three contrasting maize genotypes were utilized: a normal leaf type, with an average angle of 35°, an lg1 leaf type, with a small inclination of 2°, and an lg2 leaf type with an intermediate phenotype of 14° (Lambert and Johnson, 1978) . The lg2 genotype showed a significantly higher grain production under plant densities of 75 000-90 000 plants ha -1 and had the plasticity also to produce high grain yields at extreme densities, as high as 151 000 plants ha -1 (Lambert and Johnson, 1978) . While the lg1 genotype had almost vertical leaves and, thus, could be predicted as the ideal canopy to maximize density, the erect leaves of the lg2 type canopy, with small but not extreme angles, translated into a more efficient light interception capacity which is the biological explanation for the superior yields obtained with this genotype at high densities (Lambert and Johnson, 1978) .
Plant densities in maize production fields have clearly increased from 30 000 plants ha -1 in the 1930s to 75 000 plants ha -1 in the 2000s (Duvick et al., 2004) . Yield improvements have concurrently occurred during that time, although the average yield per maize plant has remained nearly constant, only increasing by an average of 0.05 kg per plant per year over the past 40 years (USDA National Agricultural Statistics Service, 2010). In contrast, plant density has increased on average 720 plants ha -1 per year over the past 44 years (USDA USDA National Agricultural Statistics Service, 1965 Service, -2009 , which has translated into a constant improvement in grain yield over time. A comparative analysis of the flag leaf angle in the original Iowa Stiff Stalk Synthetic population (1934) and its derived lines after multiple cycles of selection (up to 17 cycles) demonstrated that the flag leaf angle was not affected by plant density; however, yield was higher in advanced populations since they had more vertical leaves than the original lines, which allowed plant densities to be increased (Brekke, 2010) . The modification of angle over time and its concomitant increase in plant density did not only occur in the USA; similar changes have been reported in other parts of the world. In Canada, early-maturing temperate maize hybrids released in the late 1980s showed ~1.5% yield increases per year due to higher plant density, greater crop growth rate during grain filling, greater LAI, prolonged stay-green, and more erect leaves than hybrids released in the late 1950s (Tollenaar and Wu, 1999; Tollenaar and Lee, 2006 ). An analysis of plant architecture in Chinese maize genotypes utilized from the 1950s to the 2000s indicated that, at the optimum density of 67 500 plants ha -1 , modern hybrids have a better performance due to their compact canopies, shorter stature, and more upright leaf angles (Ma et al., 2014) . At the same time, these modern hybrids (the 1980s to 2000s) showed a consistent increase in yield at a high plant density of 82 500 plans ha -1 (Ma et al., 2014) . In summary, breeding for plants with upright leaf angles facilitated light penetration throughout the canopy, which in turn improved the photosynthetic eficiency, and allowed farmers to plant maize at higher densities, which has been crucial for the improvement of maize yield over the last nine decades (Pendleton et al., 1968; Lambert and Johnson, 1978; Duvick et al., 2004; Duvick, 2005a, b; Hammer et al., 2009; Fischer and Edmeades, 2010; Edwards, 2011; Tian et al., 2011) .
The effect of leaf angle on photosynthetic efficiency has also been studied in cereal crops other than maize, with similar results. In rice, cultivars with erect leaves had better light interception, higher photosynthesis, greater crop growth, less photo-inhibition, and higher yield in comparison with those with horizontally positioned leaves (Hayashi and Ito, 1962; Tanaka et al., 1968; Yoshida, 1981; Murchie et al., 1999; Sinclair and Sheehy, 1999; Sakamoto et al., 2006; Kumagai et al., 2014) . High rice yields associated with erect leaves are also related to the capacity to intercept the high light intensity needed to store nitrogen during the grain-filling period (Sinclair and Sheehy, 1999) and allow higher plant density Sakamoto et al., 2006) . Experiments in which erect-leaf genotypes were manually altered to have horizontal leaves demonstrated a 34% decrease in postflowering dry matter production, a 33% loss in grain yield (Tanaka et al., 1968) , and a higher photo-inhibition under light saturation (Murchie et al., 1999) . These studies proved the detrimental effect that horizontal leaves in the upper canopy have on the plant's photosynthetic capacity and productivity; the amount of light intercepted by the lower canopy would be reduced, while the excess light will cause severe damage to the upper leaves. Similar results were observed under different nitrogen levels: erect leaves prevented photoinhibition (Murchie et al., 2009) even under low nitrogen conditions (Kumagai et al., 2009 (Kumagai et al., , 2014 . Rice genotypes with upright leaves had three main advantages at near maximum photochemical quenching (q P ) at midday: (i) the light stress was minimum; (ii) the interception of the photosynthetically active radiation (PAR) was maximized; and (iii) there was a superior carbon assimilation at the plant level (Murchie et al., 1999) .
A small leaf angle is one of the morphological characteristics proposed for the plant model of the 'super' high-yielding hybrid rice, also called 'second generation of new plant types' (NPTs). These hybrids have been developed by crossing elite indica with improved tropical japonica lines (Yao et al., 2000; Chen et al., 2002; Peng et al., 2008) in which angles of the flag, second, and third leaves should be 5°, 10°, and 20°, respectively (Yuan, 2001) . In general, rice hybrids with smaller leaf angles yielded more due to a higher photosyntethic rate, less photo-inhibition, and delayed leaf senescence (Yao et al., 2000; Chen et al., 2002; Wang et al., 2005 Peng et al., 2008; Y. Zhang et al., 2009) . 'Liangyoupeijiu' in particular, the rice hybrid with more erect leaves at heading time, had a 13% higher photosynthetic rate in the flag leaf than its counterpart 'Shanyou63' (Yao et al., 2000; Chen et al., 2002) and yielded 8-15% more in farmers' fields (Zong et al., 2000) .
Narrow and erect leaf phenotypes have also been associated with higher grain yields in other cereal crops, such as barley, wheat, sorghum, and oats (Gardener et al., 1964; Gardener, 1966; Tanner et al., 1966; Stoskopf, 1967; Shearman et al., 2005; Fischer and Edmeades, 2010; Truong et al., 2015) . In wheat, studies conducted during the last five decades have consistently reported that genotypes with narrow and upright leaves had greater leaf area exposed to sunlight, higher LAI, higher rate of dry matter production, and superior yields (Gardener et al., 1964; Gardener, 1966; Stoskopf, 1967; Donald, 1968; Choudhury, 2000; Parry et al., 2011) . Wheat ideotypes were long proposed as those plants having short and strong stems, with few, small, and erect leaves (Donald, 1968) , and this model was experimentally supported decades ago. Stoskopf (1967) demonstrated that narrow leaf angle genotypes had yield increases of 12.6% when planted using narrow rows, while the more horizontal canopy genotypes only increased 6.9% of their yield at higher plant density. Moreover, a superior net carbon fixation capacity during the grain-filling period in winter wheat genotypes of erect leaves has been reported since the 1970s (Austin et al., 1976) . The effect of leaf angle on biomass production was also documented due to a superior gross photosynthetic efficiency and net carbon accumulation during the vegetative growth period for both winter and spring wheat (Choudhury, 2000; Parry et al., 2011) . Introducing morphological changes in the flag leaf and canopy architecture has been a priority in breeding programs of both bread and durum wheat at the International Maize and Wheat Improvement Center-CIMMYT (Shearman et al., 2005) . Similar to other crops, breeding goals for wheat improvement have included: (i) the reduction of leaf angle at the upper canopy to increase plant density, improve light interception efficiency, and obtain superior yields; (ii) the maximization of N levels per unit of leaf area; and (iii) the increase in chlorophyll concentration (Fischer and Edmeades, 2010) . Recently, similar connections have been observed between leaf angle and the physiological capacity of sorghum plants to fix carbon. Smaller leaf angles increased solar irradiation penetration throughout the canopy and resulted in a superior light interception that could increase sorghum biomass yield up to 3% (Truong et al., 2015) .
The role of plant hormones in leaf angle determination
Hormones are chemical substances produced in a specific cell that regulate cellular functions in another cell (Srivastava, 2002; Teale et al., 2005; Santner et al., 2009) . In plants, phytohormones act at low concentrations and they can be endocrine if the synthesis site is distant from the site of action, or paracrine if the site of action is close to the synthesis site (Teale et al., 2005) . There are eight major phytohormones involved in plant development and growth: cytokinins, auxins, gibberellic acid (GA), abscisic acid (ABA), ethylene, brassinosteroids (BRs), jasmonates, and strigolactones (Srivastava, 2002; Santner et al., 2009) . The evidence of the important role of phytohormones In plant architecture traits is abundant (Li and Chory, 1997; Yamamuro et al., 2000; Sakamoto et al., 2006; Wang et al., 2008; Tanaka et al., 2009; Tong et al., 2014; Luo et al., 2016) . Leaf angle, one of the hormonally regulated architectural traits, is determined by the cell size of collar tissue, also called the lamina joint (Cao and Chen, 1995; L.Y. Zhang et al., 2009; Zhao et al., 2010) . Cytological observations of the collar of erect leaves in rice revealed that the lack of cell longitudinal elongation induced small leaf angles. Elongated cells at the adaxial side of the collar cause the leaf blade to bend away from the vertical axis of the leaf sheath towards a more horizontal position (Cao and Chen, 1995; Hong et al., 2003; L.Y. Zhang et al., 2009; Zhao et al., 2010 Zhao et al., , 2013 . Cell expansion refers to cellular growth due to turgidity, cell wall relaxation, and synthesis and incorporation of new cell wall components (Cosgrove, 2005; Gonzalez et al., 2012) . Cell elongation is regulated by the presence or absence of hormones such as auxins, GA, and BRs, that facilitate the relaxation of the cell wall by stimulating the synthesis of polysaccharides necessary to increase its flexibility and growth (Fry et al., 1992; Ohmiya et al., 2000; Schopfer et al., 2002; Wang et al., 2008; Tanaka et al., 2009; Zhao et al., 2010; Luo et al., 2016) .
BRs are a group of steroid hormones with a paracrine mode of action (Grove et al., 1979; Srivastava and Srivastava, 2002; Symons and Reid, 2004; Symons et al., 2008; Divi and Krishna, 2009 ) that determine important traits such as germination, fertility, stress tolerance, fruit development, and plant architecture (Yamamuro et al., 2000; Srivastava and Srivastava, 2002; Montoya et al., 2005; Symons et al., 2008; Divi and Krishna, 2009; Divi et al., 2016; Ye et al., 2017) . BRs have been extensively reported as key regulators of leaf angle in cereals, a conclusion derived from the numerous BR biosynthesis or signaling mutants investigated in rice, maize, and sorghum with consistently reduced leaf angles (Yamamuro et al., 2000; Morinaka et al., 2006; Sakamoto et al., 2006; Wang et al., 2008; Divi and Krishna, 2009; Makarevitch et al., 2012; Tong et al., 2014; Sun et al., 2015; Best et al., 2016; Feng et al., 2016; Hirano et al., 2017) . Several BR-deficient and loss-of-function mutant studies have established a connection between this hormonal group and a modified cell division pattern or reduced cell elongation in the collar that causes narrow leaf angles Yamamuro et al., 2000; Wang et al., 2008; Tanaka et al., 2009; Tong et al., 2014; Sun et al., 2015) . For example, at low BR concentration, BRASSINOSTEROID INSENSITIVE2 (BIN2) protein, a negative regulator of the BR signaling pathway, can phosphorylate CYC U4;1 protein, increasing its cell proliferation activity in the abaxial sclerenchyma, which generates erect leaves . At high concentrations of BR, the gene BIN2 is deactivated, and the transcription factor BRI1 EMS SUPPRESSOR1 (BES1) that directly regulates gene expression downstream of the BR signaling pathway binds to the promoter of the cyclin gene CYC U4;1, inhibiting its expression and thus reducing abaxial sclerenchyma cell proliferation but promoting adaxial cells to elongate, generating a horizontal leaf angle phenotype . Other studies have demonstrated that the rice BR transcription factor BRASSINAZOLE RESISTANT 1 (BZR1) increases leaf angle, while RNAi:BZR1 plants had leaves with small inclination (Bai et al., 2007; C. Zhang et al., 2012) (Fig. 1) . At the same time, the rice gene LEAF AND TILLER ANGLE INCREASED CONTROLLER (LIC) is antagonistic to BZR1, and LIC-overexpressing lines show erect leaves (C. (Fig. 1) , demonstrating the importance of BR genes in the regulation of leaf angle.
The application of external BRs such as brassinolide (BL), the most active hormonal form, cathasterone, or teasterone has been shown to increase leaf angle in rice Wada et al., 1983; Tanaka et al., 2009; Makarevitch et al., 2012; Tong et al., 2014; Sun et al., 2015) . One clear example of this effect was demonstrated by the recovery of the wild-type leaf angle phenotype after BL application on RNAi BRASSINOSTEROID UPREGULATED 1 (BU1) rice plants (Tanaka et al., 2009) . In contrast, the application of BR biosynthesis inhibitor molecules such as brassinozole, propiconazole, or yucaizol decreased leaf angle in wild-type rice, BR gain-of-function mutants, and BR-overexpressing transgenic plants (Asami et al., 2000; Wang et al., 2002; Nakamura et al., 2009; Hartwig et al., 2012; Tong et al., 2014; Feng et al., 2016; Matusmoto et al., 2016) . In summary, the fundamental role of BRs in leaf inclination is demonstrated by loss-of-function mutants in the signaling or biosynthesis pathways, BR-deficient mutants, and external application of BR inhibitor molecules that result in erect leaves. Likewise, BR gain-of-function mutants, BR-overexpressing transgenic plants, and external application of BRs result in phenotypes with more horizontal leaves.
In spite of this clear and direct effect of BRs on leaf angle determination, pleiotropic effects have been frequently reported associated with altered BR metabolism, namely BR mutants with modified leaf angle phenotypes often present alterations in plant height (Yamamuro et al., 2000; Makarevitch et al., 2012; Hirano et al., 2017) , leaf morphology (Makarevitch et al., 2012) , or biomass accumulation Sakamoto et al., 2006) . BRASSINOSTEROID INSENSITIVE 1 (BRI1) is one of the best characterized genes in the BR signaling pathway, with mutant phenotypes that include not only small leaf angles but also reduced internode elongation and increased biomass under high planting density (Yamamuro et al., 2000; Morinaka et al., 2006; Sakamoto et al., 2006) . Moreover, the use of transgenic approaches partially to suppress the expression of OsBRI1 altered the pleiotropic effects observed with knockout mutants to maintain the desirable leaf angle characteristic without reducing grain size and yield . This study demonstrates that breeding for a superior canopy architecture following the proposed physiologically optimized plant ideotype could be very challenging, Fig. 1 . Genes affecting leaf angle (LA) in rice. Graphical representation of rice genes controlling leaf inclination and the specific leaf under investigation in the corresponding study. The reported effect of the gene is indicated by '>', increases LA, or '<', decreases LA. Font color represents the experimental genetic approach of the study: red, down-regulation or knockout mutant; blue, overexpression study. The most interesting candidate genes for the genetic manipulation of leaf angle without undesirable pleiotropic effects on plant height, fertility, or yield are indicated in bold. OsBRI1, BRASSINOSTEROID INSENSITIVE 1 (Yamamuro et al., 2000) . OsDWARF (Hong et al., 2002) . CYP90D2, CYTOCHROME P450 90D2 (Hong et al., 2003) . OsBZR1, BRASSINAZOLE RESISTANT 1 (Bai et al., 2007) . OsDWARF4 . OsSPY, OsSPINDLY (Shimada et al., 2006) . TAC1, TILLER ANGLE CONTROL 1 (Yu et al., 2007) . OsLG1, LIGULELESS1 (Lee et al., 2007) . OsAGO7, SHOOT ORGANIZATION 2 (Shi et al., 2007) . BU1, BRASSINOSTEROID UPREGULATED 1 (Tanaka et al., 2009) . RAVL1, RELATED TO ABSCISIC ACID INSENSITIVE3 VIVIPAROUS 1 (Je et al., 2010) . OsLIC, LEAF AND TILLER ANGLE INCREASED CONTROLLER (C. . LC2, LEAF INCLINATION2 (Zhao et al., 2010) . ZmCLA4, CONTROLLING LEAF ANGLE 4 (Zhang et al., 2014) . RAV6, RELATED TO ABSCISIC ACID INSENSITIVE3 VIVIPAROUS 6 (X. . OsBUL1, BRASSINOSTEROID UPREGULATED 1-LIKE1 (Jang et al., 2017) .
since undesirable pleiotropic effects of manipulated genes could neutralize or even reduce the expected yield increases attributable to more efficient light interception and utilization. Interestingly, and in contrast to these results, evidence suggests that other BR biosynthetic genes could be manipulated without negative pleiotropic effects, as demonstrated by the OsDWARF4 mutant phenotype reported by Sakamoto et al. (2006) . According to their results, the erect leaf phenotype could be obtained in rice BR-deficient mutants (Fig. 1) , with the concomitant increase in grain yield under high planting density. Similar results were observed in the OsBU1:RNAi transgenic plants reported by Tanaka et al. (2009) (Fig. 1) . These plants evidently showed a more erect leaf angle phenotype with unaltered agronomic traits such as plant height or fertility (Tanaka et al., 2009) , important characteristics for the final goal of increasing grain yield.
The role of BRs in the determination of leaf angle was also demonstrated in maize, with mutants in the genes BRASSINOSTEROID-DEFICIENT DWARF1 (BRD1), orthologs of BRASSINOSTEROID C-6 OXIDASE in the biosynthetic pathway (Makarevitch et al., 2012) , and NANA PLANT2 (NA2), a paralog of the Arabidopsis BR biosynthetic gene DWARF1 (DWF1) (Best et al., 2016) (Fig. 2) . In addition to the undesirable extreme dwarf phenotype associated with the loss-of-function mutant na2, the consistent alteration of leaf angles over the entire canopy and the observed feminized tassels suggest that this specific hormonal candidate gene would not be a good breeding target for the differential manipulation of leaf angle at each canopy level.
Even though the investigation of BR effects in sorghum is limited, the pleiotropic effects on leaf angle and plant height observed for other species seem to be consistent in this crop. Sorghum plants with a mutated DWARF1 (DW1) are similar to BR-deficient rice mutants, with phenotypes that include a reduced plant height and leaf angle (Hirano et al., 2017) . The sorghum gene DW1 has been proposed to regulate the BR signaling pathway positively by affecting the function of the signaling repressor gene BIN2 (Hirano et al., 2017) .
The crosstalk between hormonal groups plays an important role in plant development and growth (Santner et al., 2009; Vert and Chory, 2011; Best et al., 2016) . For leaf angle specifically, early evidence suggested that cytokinins and ABA reduce leaf angle and inhibit the action of externally applied BRs, such as BL and intermediate BR biosynthesis compounds . The antagonistic interaction between ABA and BRs has been demonstrated by the activated expression of the ABA signaling gene REMORIN GROUP 4, MEMBER 1 (OsREM4.1) as a consequence of the external application of ABA (Gui et al., 2016) . This gene, OsREM4.1, is a negative regulator of BRs and this function is exerted by binding to the SOMATIC EMBRYOGENESIS RECEPTOR KINASE 1 (OsSERK1), and inhibiting its interaction with OsBRI1. This mechanism causes the inactivation of the BRI1-BAK1 homologous complex in rice, turning off the BR signaling pathway (Gui et al., 2016) . Moreover, rice plants that overexpressed OsREM4.1 presented a dwarf phenotype with smaller leaf angles, similar to BR-deficient mutants (Gui et al., 2016) . Fig. 2 . Genes affecting leaf angle (LA) in maize. Graphical representation of maize genes controlling leaf inclination and the specific leaf under investigation in the corresponding study. The reported effect of the gene is indicated by '>', increases LA, or '<', decreases LA. Font color represents the experimental genetic approach of the study: red, down-regulation or knockout mutant; blue, overexpression study. The most interesting candidate genes for the genetic manipulation of leaf angle without undesirable pleiotropic effects on plant height, fertility, or yield are indicated in bold.
LG1, LG2, LG3, LG4, LIGULELESS 1, 2, 3, 4 (Lambert and Johnson, 1978; Bauer et al., 2004; Tian et al., 2011; Li et al., 2017) 
. ZmTAC1, TILLER ANGLE CONTROL
The crosstalk between GA and BRs has been investigated more frequently since they are the predominant hormones that regulate plant cell elongation (Shimada et al., 2006; Matusmoto et al., 2016) , and a very complex interaction between them has been discovered under both physiological and high hormone conditions (Shimada et al., 2006; Tong et al., 2014) . At natural low hormone conditions (physiological), BRs induce the biosynthesis of GA through the activation of the biosynthetic gene GA3ox-2, while de-activating the repressor gene GA2ox-3. Both hormones, BRs and GA, will stimulate cell elongation and leaf angle. On the other hand, when excess GA is present, the synthesis of BRs will be repressed, simultaneously decreasing the production of both BRs and GA (Tong et al., 2014) . At high BR concentration, the GA repressor gene GA2ox-3 will be activated, inhibiting GA production, while the synthesis of BR will be self-regulated and reduced (Tong et al., 2014) . Under both circumstances, physiological levels or excess of hormones, leaf angle is controlled by BRs and their crosstalk with GA. In addition to these proposed interacting mechanisms, specific feedback regulations have been documented between certain individual genes. For example, OsGSR1, a member of the GA-stimulated transcript (GAST) gene family, interacts with the BR biosynthetic gene DWF1 and acts as a positive regulator of the downstream BR biosynthetic pathway (Wang et al., 2009) . The suppression of OsGSR1 by RNAi in transgenic rice shows a reduced level of endogenous BR and a phenotype similar to that observed in BR mutants-short plants with small leaf angles (Wang et al., 2009; Luo et al., 2016) . Additionally, Best et al. (2016) demonstrated that BR mutants, GA mutants, and BR-GA double mutants in maize are affected in plant height, leaf angle, tiller development, and fertility. The BR mutants na2-1 and na1-1, as well as the GA mutant d1 presented a horizontal leaf angle in comparison with the wild type, that became more upright after the application of GA 3 (Best et al., 2016) . These studies demonstrate that the crosstalk between specific BR and GA genes is an important and complex mechanism that regulates leaf angle, and that the use of double mutants from both hormonal groups can create detrimental effects on plant architecture and fertility traits.
Auxins are another group of plant hormones that affect leaf angle, though contradictory effects have been reported on this trait. Some studies showed that auxins and BRs together increase leaf angle in different plant species; while other reports suggested that the reduction in free auxin concentration enhances BRs and, thus, leaf angle. For instance, high doses of external auxin [indole acetic acid (IAA)] were necessary to increase leaf angle in rice, even though small amounts of external BR had a more profound effect on this phenotype Wada et al., 1983; Cao and Chen, 1995; Nakamura et al., 2009) . In rice seedlings, the simultaneous foliar application of auxin and BR increased the angle more significantly than auxin or BR per se (Nakamura et al., 2009) . In another rice study, the co-application of these two hormones increased leaf angle, and the auxin-induced expression of OsBRI1 was explained by the presence of auxin-response elements in the promoter region of this gene (Sakamoto et al., 2013) . Early studies on model species such as Brassica napus and Arabidopsis demonstrated that BL stimulates polar auxin transport and modifies the distribution of endogenous auxin by increasing the transcription of PINFORMED (PIN) auxin efflux facilitator genes (Li et al., 2005) . In cereal species, plants containing the functional genes BRACHYTIC2 (BR2) (maize) and DWARF3 (Dw3) (sorghum) had more horizontal leaves due to an increased concentration of free auxin (Pilu et al., 2007; Truong et al., 2015) . These two homologous genes encode a membrane of the ATP-binding cassette type B (ABCB1) auxin transporter that belongs to the multidrug resistant (MDR) family of P-glycoproteins necessary to transport IAA out of the cells and maintain auxin homeostasis (Multani et al., 2003; Knöller et al., 2010) . On the other hand, there is evidence of the opposite effects of auxins and BRs on leaf angle control. Rice mutants lacking free auxin exhibit more horizontal leaves due to an increase in BRs that enlarge collar cells (Zhao et al., 2013; S. Zhang et al., 2015; Luo et al., 2016) . The LEAF INCLINATION1 (LC1) gene encodes an OsGH3-1, IAA amido synthetase, that maintain auxin homeostasis by conjugating excess IAA to various amino acids such as alanine, aspartic acid, and asparagine (Zhao et al., 2013) . The lc1-D mutants have less free IAA, more elongated collar cells, and more horizontal angles in the flag leaves (Zhao et al., 2013) . Overexpression of AUXIN RESPONSE FACTOR 19 (OsARF19) in rice enhanced cell division and thus, angle, as a consequence of the decrease in free IAA generated by binding to a repressor in the auxin pathway (S. . More recently, it has been proposed that LOOSE PLANT ARCHITECTURE1 (LPA1) interacts with C-22-hydroxylated and 6-deoxo BRs, suppressing the auxin signaling pathway, and that the auxin-mediated regulation of leaf angle occurs independently of the OsBRI1 pathway .
Finally, in the case of jasmonates, they also regulate leaf angle by their interaction with BR metabolism. Methyl jasmonate (MeJA) represses the expression of BR biosynthesis and signaling genes, reducing endogenous levels of BRs (Gan et al., 2015) and, thus, leaf angle.
Additional candidate genes for the genetic manipulation of leaf angle, not directly related to hormonal mechanisms, are summarized in Table 1 , and Figs 1 and 2. Their functions have been related to multiple and complex biological processes that include leaf development, leaf polar surface differentiation (adaxial-abaxial surfaces), and organ and tissue differentiation. Besides BR-related genes, candidates such as OsAGO7 and the LIGULELESS genes (LG1, LG2, LG3, and LG4) are interesting discoveries with a reported effect on the leaf angle but no pleiotropic effects on plant height, fertility, grain size, or other phenotypic determinants of yield (Figs 1,  2) . A clear example of the manipulation of these candidate genes was recently reported by Li et al. (2017) . In maize, the induced mutation in LG1 by RNA-guided Cas9 reduced the leaf angle of the overall canopy without altering plant height or fertility. Further analysis of the progeny indicated that the mutation was largely heritable and that hybrids carrying the mutation presented an average angle 50% smaller than the 
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Cell elongation at the lamina joint, increasing leaf angle Jang et al. (2017) (Li et al., 2017) . Although the authors did not present leaf angle data for each of the seven measured leaves, it was possible to conclude from the published images that the upper canopy was more dramatically affected than the lower leaves. These findings support the hypothesis that breeding or genetic manipulations for differential leaf angle across the canopy is possible.
It is clear from the numerous studies summarized above that although our understanding about the genetic control of leaf angle through hormonal regulation is growing significantly, the experimental design implemented in most studies precluded us from dissecting the genetic control at each canopy level. The targeted leaf in each individual study is graphically summarized in Figs 1 and 2, for rice and maize genes reported to affect leaf angle. In some cases, only one or a few leaves were characterized in mutant or transgenic studies, but each scientific group selected a different leaf or leaves for their analysis. In other cases, the overall response of the canopy is described but detailed information about each canopy layer was not reported (Figs 1, 2) .
In spite of these experimental discrepancies that could be overcome in the future in light of the new 'smart canopy' model, BRs stand out as one of the most important hormonal groups to utilize as breeding targets for differential manipulation of leaf angle. The overexpression, down-regulation, or lack of function of specific genes such as DWARF4, BU1, and LIC showed that it is possible to manipulate leaf angle (Figs 1, 2) without compromising other important agronomic traits that include plant height, fertility, and yield. Using this criterion of minimizing undesirable pleiotropic effects, other interesting candidate genes are indicated in Figs 1 and 2. However, further investigation of these potentially useful candidates, in terms of their effect on leaf angle at each canopy level, would be essential before they become targets for editing, transgenic approaches, or breeding-based improvements to develop 'smart canopies' with differential leaf angle distribution throughout the plant.
Manipulating GA-related genes might be beneficial if novel candidates are discovered when implementing methodologies to quantify differential leaf angle phenotypes. However, the frequently reported undesirable pleiotropic effects associated with GA genes, particularly on plant height and yield, suggest that the exploitation of this hormonal group will require further scientific investigation of their crosstalk with other hormones and of novel strategies to manipulate individual genes that will not exert undesirable effects on yield component traits. Considering the contradictory results about the role of auxins on the regulation of leaf inclination, their manipulation to develop germplasm with superior canopy architecture will be halted until their biological functions and crosstalk mechanisms with other hormones are elucidated.
Quantitative genetic evidence of leaf angle control
Numerous studies have been conducted to investigate the natural variation in leaf angle (Li et al., 1999; Hart et al., 2001; Mickelson et al., 2002; Lu et al., 2007; Ku et al., 2010; Tian et al., 2011; L. Wang et al., 2011; Zhao et al., 2016) and have demonstrated that it is a quantitative trait controlled by several genes/genomic regions (Moreno et al., 1997; Liu et al., 2007; Yu et al., 2007; Ku et al., 2011; Dong et al., 2016) . Maize has been extensively studied using both linkage mapping to identify QTLs in bi-parental populations (Mickelson et al., 2002; Lu et al., 2007; Ku et al., 2010 Ku et al., , 2011 Chen et al., 2015; and genome-wide association studies (GWAS) using the nested association mapping (NAM) population (Tian et al., 2011) . The maize QTLs controlling leaf inclination have been summarized in Table 2 , and they explained between 0.45% and 85% of the variation (Table 2) . Several genes have been cloned as the outcome of the combined use of quantitative genetics and induced or natural mutants (summarized in Table 1 and Fig. 2) .
In rice, the first QTL report for leaf and tiller angle identified the locus 'ta1', later called 'qTA', that explained 13.2, 20.7, and 47.5% of the phenotypic angle variation for the flag leaf, the second upper leaf (below flag leaf), and tiller, respectively (Li et al., 1999) . Other QTLs were identified on chromosomes 2 and 7 with similar effects on both the second upper and flag leaf. Interestingly, the same region on chromosome 5 controlled leaf inclination on both leaves but with very different magnitudes, explaining 22.1% of the variation in the flag leaf but only 3.5% in the second upper leaf (Li et al., 1999) . This result demonstrates that, even if the same QTL controls angle at multiple leaves, the effect could be drastically different. Additionally, there was evidence of independent genetic control (Li et al., 1999) ; for example, QTLs on chromosomes Table 1 . Continued 9 and 6 were only associated with variation in flag leaf angle, while intervals on chromosomes 2 and 3 were exclusively discovered for the second upper leaf. This study provided solid evidence to suggest that natural variation for the independent genetic control of inclination at different leaves exists and that the development of superior germplasm with a 'smart canopy' will be possible once this independent control is completely dissected. After this initial report, several groups have investigated this important trait in rice by measuring the angle in one or up to three upper canopy leaves that were later averaged, losing valuable information about individual leaves (Dong et al., 2003; L. Wang et al., 2011; Hu et al., 2012; Cai et al., 2015; Dong et al., 2016) . Nevertheless, one major effect QTL was identified on chromosome 9 using multiple populations (Li et al., 1999; Qian et al., 2001; Yu et al., 2005; L. Wang et al., 2011) , and this initial discovery led to the characterization and cloning of the TILLER ANGLE CONTROL 1 (TAC1) gene that causes a dramatic change in both tiller and leaf angle (Yu et al., 2007) . Further research discovered regions on chromosomes 1, 2, 8, and 12 for flag leaf angle with similar effects across different bi-parental populations (Dong et al., 2003; Hu et al., 2012; Cai et al., 2015) . For example, the QTLs on chromosome 2 reported by Dong et al. (2003) , Hu et al. (2012) , and Cai et al. (2015) explained 13.18, 12.5, and 11.8% of the variation, respectively. Even though this result suggests that some regions of the rice genome are important for the control of flag leaf angle, the detection of QTLs is population dependent and thus population-specific loci have also been reported on chromosomes 3, 5, 6, 7, and 9 (Dong et al., 2003; Cai et al., 2015) .
The co-localization of loci associated with leaf and tiller angle variation was consistently reported in rice by different groups (Li et al., 1999; Qian et al., 2001; Yu et al., 2007; L. Wang et al., 2011) and the discovery of genes/QTLs with pleiotropic effects on these two important traits open up opportunities to develop cultivars that have better leaf angle architecture across the canopy and a smaller tiller angle or complete absence of tillers. These combined phenotypes could improve light interception and facilitate rice planting at higher densities.
The genetic architecture of leaf inclination is poorly understood in other agronomically important cereal crops. In wheat, although its mode of inheritance was discovered decades ago (Nigam and Srivastava, 1976; Joshi and Chand, 2002) , the first QTL report was only published in 2012 (Isidro et al., 2012) . Important genomic regions were identified on chromosomes 2A, 3A, 3B, 5B, and 7A of durum wheat, controlling the angle of the flag and penultimate leaf in greenhouse conditions and explaining 8.9-37.2% of the phenotypic variation. Using the same population under field conditions, different QTLs were discovered on chromosomes 2B and 4B for the penultimate leaf, and on chromosome 7A for flag leaf (a different locus from the greenhouse analysis), explaining 12.0-15.0% of the phenotypic variation (Isidro et al., 2012) . Recently, eight loci specifically associated with flag leaf inclination were mapped on chromosomes 1B, 2B, 3A, 4D, and 5B of winter wheat (Yang et al., 2016) . Even though they all had small effects (2.18-4.01% of the phenotypic variation), the intervals on chromosome 3A and 5B.3 were consistent across multiple environments. Co-localization of leaf angle QTLs with those for other morphological traits was observed in that study, including flag leaf length, width, length to width ratio, and flag leaf area. This co-localization that could be attributed to either QTL clusters for correlated traits or genes in those regions with pleotropic effects must be taken into consideration if any of these loci are introduced in wheat breeding programs to manipulate canopy architecture (Yang et al., 2016) . In sorghum, both linkage and association mapping studies have been reported for leaf angle (Hart et al., 2001; Mantilla Perez et al., 2014; Truong et al., 2015; Zhao et al., 2016) . Association mapping is an alternative to linkage analysis that explores the phenotype-genotype associations of unrelated individuals within a population, exploiting historical recombination events (C. . Hart et al. (2001) characterized the third upper leaf and discovered regions associated with angle variation on chromosomes 1, 7, and 10. The QTL on chromosome 7, Qlea.txs-E, controlled up to 45% of the variation (Hart et al., 2001) and spanned a 4.5 Mb region with several hundreds of genes. In 2015, Truong et al. discovered the same major QTL, in addition to loci localized on chromosomes 1, 3, and 5, using both a grain and biomass type populations under greenhouse and field conditions. This research group characterized leaf inclination for the third and fourth leaf under the whorl, during the vegetative growth period. The major effect QTL on chromosome 7 includes the auxin transporter DWARF3 gene (Dw3) (Multani et al., 2003; Brown et al., 2008; Knöller et al., 2010) that controls plant height and was segregating in the grain but not in the biomass population. Seven dw3 natural revertants were characterized as taller plants with more horizontal leaves, and this observation led to the conclusion that Dw3 is the causal gene underlying the QTL on chromosome 7 that controls leaf angle variation in sorghum (Truong et al., 2015) . On the other hand, Zhao et al. (2016) performed a sorghum GWAS for plant architecture traits, in which markers on chromosomes 1, 3, 6, 7, and 9 were associated with leaf inclination, with those on chromosome 7 being the most significant and with the largest phenotypic effect (~16%). In contrast to previous studies, further analysis of this region revealed that the signal captured by the Dw3 gene was not significant in comparison with other markers within this chromosomal segment . Therefore, the authors suggested that Dw3 is not the only causal gene in this region that controls leaf inclination . Additionally, Mantilla Perez et al. (2014) conducted the only sorghum study to investigate the associations between natural variation in BR candidate genes and leaf angle using the second upper leaf (immediately below the flag leaf). Markers on three BR signaling genes [BRI1 ASSOCIATED RECEPTOR KINASE 1 (BKI1), BRI1 SIGNALING KINASE 1 (BSK1),
and BES1] and two biosynthesis genes [DWARF7 (DWF7) and PHYB ACTIVATION-TAGGED SUPPRESSOR1 (BAS1)] were associated with leaf angle, explaining between 2.7% and 6.3% of the phenotypic variation. These genes showed pleiotropic effects on other plant architecture traits including plant height, stem circumference, panicle length, panicle exsertion, and flowering time (Mantilla Perez et al., 2014) , As previously discussed, these pleiotropic effects have also been reported in other species (Wang and Chory, 2006; Bai et al., 2007; Jaillais et al., 2011; H. Wang et al., 2011; Y. Zhang et al., 2012) ; for example, mutants of BSK1 in rice resulted in dwarf plants with erect leaves (Bai et al., 2007; S. Zhang et al., 2012) . Likewise, BKI1 mutants in Arabidopsis showed phenotypes with modified canopy architecture such as the rosette radius, petiole angle, and petiole length (Wang and Chory, 2006; Jaillais et al., 2011; H. Wang et al., 2011) while Arabidopsis mutants of BES1 showed longer petioles and curly leaves (Yin et al., 2002) .
In summary, quantitative genetic studies in cereal species consistently demonstrated that leaf angle control is complex and determined by multiple loci with variable effects that, in some cases, are pleiotropic and affect other important agronomic traits. Emerging evidence suggests that there is both leaf-dependent and leaf-independent inclination control that could be exploited to develop optimized canopies with differential angles at each plant level.
Can high-throughput phenotyping be used to estimate leaf angle at different canopy levels?
In 2009, the term 'phenomics' was introduced in plant science as a suite of tools that leverages imaging technologies from the medicine field to the study of plants (Finkel, 2009) . Later on, 'phenomics' was described as the 'study of plant growth, performance and composition ' (Furbank and Tester, 2011) or the techniques used to improve phenotyping research (White et al., 2012) . Nowadays, high-throughput phenotyping (HTP) has become the preferred approach used by the plant science community to better assess plant development and growth, root and shoot architecture, photosynthetic capacity, and biotic and abiotic stress responses.
The broad spectrum of devices and platforms created for HTP is constantly growing and include: (i) field robots guided by GPS with digital cameras to measure plant architecture and growth (Barker et al., 2016; Salas Fernandez et al., 2017) ; (ii) satellite and aerial images using thermal, multispectral, and near-infrared cameras to measure vegetative indices (Liebisch et al., 2015; Haghighattalab et al., 2016; Deery et al., 2016) ; (iii) 'shovelomics', 'GROWSCREENRhizo', and 'Microphenotron' to determine root architecture (Trachsel et al., 2011; Nagel et al., 2012; Burrell et al., 2017) ; and (iv) high-quality images and devices such as chlorophyll fluorometers, red-green-blue (RGB) stationary and web cameras, ultrasonic distance sensors, thermal infrared radiometers, and spectrometers to measure chlorophyll fluorescence, light interception, canopy temperature, and photoprotection (Rousseau et al., 2013; Cabrera-Bosquet et al., 2016; Deery et al., 2016; Meacham et al., 2017) . Additionally, significant resources are devoted to improve data analysis, feature extraction, and processing methods, including integrated platforms for image analysis and 3D visualization (Klukas et al., 2014; Bergsträsser et al., 2015; Müller-Linow et al., 2015; Cai et al., 2016) , and the application of machine learning to avoid human mistakes in the phenotypic characterization of biotic and abiotic stresses . Several facilities around the world have been created to measure complete sets of phenotypes at different developmental stages and alternative experimental conditions (Araus and Cairns, 2014) . Those facilities include growth chambers with multiple sensors and cameras (Granier et al., 2006; Junker et al., 2015; Arend et al., 2016) , and intelligent greenhouses that can fill pots with specific amounts of soil, control water, and move plants to image stations where pictures are collected for further analysis (Honsdorf et al., 2014; Al-Tamimi et al., 2016; Avramova et al., 2016; Nakhforoosh et al., 2016) . Under field conditions, a recent novel approach has been implemented based on an automated robotic platform called a 'field scanalyzer' that is capable of obtaining canopy information at any growth stage (Virlet et al., 2017) .
In spite of the significant investments in HTP technology development, the investigation of leaf angle using 'phenomic' approaches has been limited. Most of the successful attempts to characterize leaf angle at different canopy levels have been performed under controlled conditions, because phenotyping individually potted plants simplifies the image processing and feature extraction methods. Cabrera-Bosquet et al. (2016) were able to extract leaf angle data at three time points (20, 35, and 50 d after sowing) from images of maize genotypes grown in greenhouse conditions. This study also confirmed that plants with overall upright leaves had higher light interception capacity than those with more horizontal leaves (Cabrera-Bosquet et al., 2016) . Another image-based HTP study investigated leaf angle of wheat seedlings under controlled conditions and demonstrated that 3D reconstruction of plants could be efficiently performed and used to monitor the trait over time (Duan et al., 2016) . Although the technology was only applied during early vegetative growth, inclination of individual leaves was successfully quantified and demonstrated the change of leaf angle over time (Duan et al., 2016) . It is important to emphasize that the dynamic characterization of leaf angle over the growing cycle should be part of the genetic characterization of this trait using HTP approaches. These studies provided a proof of concept and have advanced HTP methods for leaf angle characterization, but these technologies have not yet been applied at large scale to discover the genetic architecture of leaf angle at multiple canopy levels.
Taking advantage of 3D images from potted plants under greenhouse conditions, QTL analyses were performed in sorghum and maize from leaf angle data collected throughout the canopy at different developmental stages (McCormick et al., 2016; Zhang et al., 2017) . McCormick et al. (2016) extracted leaf angle measurements of sorghum plants at four time points (27, 34, 39 , and 44 d after planting) that were highly correlated (r=0.95) with manual measurements. However, the identification of QTLs was performed using average values for leaves 3, 4, and 5 under the whorl at each of the four time points (McCormick et al., 2016) . Therefore, there is an opportunity to exploit a data set like this to investigate each individual leaf and discover the genetic architecture of leaf inclination at different canopy levels. As previously reported, a QTL on chromosome 7 was found associated with leaf angle at all time points, but, interestingly, unique regions were also discovered at each developmental stage (McCormick et al., 2016) . In maize, images were used for QTL mapping of several plant architecture traits, including leaf angle (Zhang et al., 2017) . Three different descriptors were estimated at 16 time points in development from day 22 to day 67 after sowing: leaf tangency angle (average angle across the plant), leaf tangency angle above (average angle on the upper half), and leaf tangency angle below (average angle on the lower half). This study reported 58 unique QTLs for the three descriptors of leaf angle and, surprisingly, none of them was identified in both the upper and lower canopy, providing another piece of evidence to suggest that leaf angle is under independent genetic control at different levels of the canopy. These two studies are of indubitable value because they demonstrate the feasibility of measuring angle at individual leaves under controlled conditions and show potential to discover individual QTLs for each leaf throughout the canopy.
Estimating angles of individual leaves under field conditions implies that the challenges imposed by high planting density and variable environmental conditions must be overcome. Canopies of neighboring plants overlap, wind affects leaf position and induces breakage, and leaf orientation relative to the planted row should be considered when developing sensors and algorithms for leaf angle estimation. As expected considering all these difficulties, field HTP research to investigate leaf angle is very limited. Vadez et al. (2015) reported high correlations between ground truth and 3D image-derived values of leaf area; obtaining an R 2 =0.86 for individual plants of pearl millet, and R 2 =0.96 for field-like planting density in greenhouse conditions. Even though the authors indicated that the platform could be used to estimate leaf angle (Vadez et al., 2015) , no information was presented for this trait. Müller-Linow et al. (2015) developed a software package for the reconstruction of 3D stereo images that allow the quantification of leaf angle distribution in different canopies. Their proposed methods were evaluated in Arabidopsis, trees, sugar beet, and barley, to cover very diverse types of canopies and growth patterns. Even though this approach was a very valuable foundational effort to estimate leaf angle distribution throughout the canopy, the authors recognized some of the challenges associated with this trait under field conditions. Those difficulties include obtaining the optimum number of pixels to reconstruct thin leaves successfully, controlling the sunlight reflection that can lead to inaccurate disparity maps, re-calibrating cameras if they are not at a fixed position, and minimizing windy and occlusion conditions that limit the reconstruction capability (Müller-Linow et al., 2015) .
In spite of the limited number of HTP studies investigating leaf angle to date, it is clear that the future of genetic research to dissect the control of leaf inclination throughout the canopy will lie in further development of this interdisciplinary area, and of devices and feature extraction algorithms to estimate this trait from complex and dense canopies under field conditions.
Conclusions
Challenges and strategies to breed for optimal leaf angles at different canopy levels
The proposed ideal canopy architecture was based on modeling and simulation analyses (Long et al., 2006; X.G. Zhu et al., 2008 X.G. Zhu et al., , 2010 Murchie and Niyogi, 2011; Ort et al., 2015) , but the major challenge to develop highly efficient crop species with differential leaf angles at multiple plant levels relies on the significant knowledge gap about the genetic control of this trait throughout the canopy. As summarized in previous sections, the QTLs, genes, or genomic regions identified by forward or reverse genetic approaches have established a solid foundation for the genetic improvement of this complex trait. However, since those studies characterized one, two, or three continuous leaves but not at multiple levels of the canopy, the discoveries might not be applicable for the differential manipulation of leaf inclination throughout the plant. Future research in this area should investigate the angle at all plant levels to make connections between the proposed plant ideotype and genetic discoveries that will facilitate the development of a 'smart canopy'. Current evidence summarized herein suggests that there is both a leaf-independent and leafdependent angle control that needs to be dissected to manipulate this important yield determinant trait efficiently.
The detailed review of leaf angle research projects also revealed that each group working on a particular species selected different leaves for their analysis, which could prevent the successful application of comparative genomic approaches for gene discovery. Most rice, wheat, and sorghum studies characterized the upper canopy, mostly the flag leaf, while maize studies are usually focused on the leaf right above and/or below the ear.
The developmental stage is another important experimental conditions to be revised in future genetic research of leaf angle control. Leaf inclination has been mainly measured at maturity or at the end of the season in maize, rice, wheat, and sorghum studies, partly because the characterized leaf is more easily identified during that period relative to the ear or terminal panicle. Additionally, leaf inclination is frequently phenotyped together with other plant architecture or yield component traits in a particular project and, if the final goal is to investigate yield, the end of the season is the targeted developmental stage. Advantages of measuring leaf angle at plant maturity include that the study can be accurately replicated and the results could be crossvalidated on different genetic backgrounds, environments, and species. However, the limitation of this approach relies on the narrow developmental scope of the discoveries and impedes the dynamic characterization of this trait over time. Only a few quantitative genetic studies have investigated leaf angle during the vegetative period. Truong et al. (2015) , McCormick et al. (2016) , and Zhang et al. (2017) measured average leaf angle of sorghum and maize plants under greenhouse conditions at different time points, providing interesting results about the genomic regions that control this trait over time. However, in some cases, the leaf number and the specific developmental stage under investigation are unknown and, thus, the discoveries are difficult to replicate or cross-validate.
In summary, there is abundant evidence of candidate genes and genomic regions affecting leaf angle in cereal crops, but the employed methods and the intrinsic difficulties associated with phenotyping this trait have not facilitated the discovery of genetic mechanisms controlling leaf inclination at different levels of the canopy. Genetic research on leaf angle will benefit from modifying protocols and employing novel methods to characterize leaves throughout the canopy at multiple developmental points. Although field HTP methods have not been applied yet to characterize all leaves in the canopy at large scale, they are undoubtedly a very valuable resource to advance the genetic research of leaf angle towards the development of an efficiently designed canopy arrangement. Currently available HTP aerial platforms will probably not provide data at lower canopy levels and, thus, ground-based or in planta sensors should be thoroughly tested to evaluate their efficiency and accuracy to obtain detailed canopy data at all layers. Even if the angle at individual leaves cannot be accurately quantified under field and dense canopy conditions, novel parameters derived from image-based HTP approaches (e.g. hedge or canopy width at different plant levels) could be utilized as a proxy to quantify leaf angle variability among diverse germplasm for gene discovery and selection. Considering that both natural and induced genetic variations in leaf inclination are available in multiple species, breeding for the proposed 'smart canopy' crop will be possible after the genetic architecture of this trait at multiple levels of the plant is comprehensively investigated and dissected, keeping in mind the physiologically determined optimal plant ideotype.
